An overview of materials issues in resistive random access memory  by Zhu, Linggang et al.
Available online at www.sciencedirect.comScienceDirect
J Materiomics 1 (2015) 285e295
www.ceramsoc.com/en/ www.journals.elsevier.com/journal-of-materiomics/An overview of materials issues in resistive random access memory
Linggang Zhu a,b, Jian Zhou a, Zhonglu Guo b, Zhimei Sun a,b,*
a School of Materials Science and Engineering, Beihang University, Beijing 100191, China
b Center for Integrated Computational Materials Engineering, International Research Institute for Multidisciplinary Science, Beihang University, Beijing 100191,
China
Received 31 May 2015; revised 4 July 2015; accepted 23 July 2015
Available online 30 July 2015AbstractResistive random access memory (RRAM) is a very promising next generation non-volatile RAM, with quite significant advantages over the
widely used silicon-based Flash memories. For RRAM, material with switchable resistance, working as the storage medium, is the most
important part for the performance of the memory. In this review, as a start, some general hints for the materials selection are proposed. Then
most recent studies on this emerging memory from the perspective of materials science are summarized: various materials with resistance switch
(RS) behavior and the underlying mechanisms are introduced; as a complementary to the previous review articles, here the increasingly
important role of computational materials science in the research of RRAM is presented and highlighted. By incorporating the framework of
high-throughput calculation and multi-scale simulations, design process of new RRAM could be accelerated and more cost-effective.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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With the rapid advances of electronic technology and de-
vices, higher-speed and denser memories are required [1].
Non-volatile memory (NVM) is a type of memory mainly for
relatively long-term storage, and no external power supply is
necessary to maintain the stored information. Nowadays, the
NVM market is dominated by the silicon-based Flash. How-
ever, there are a few drawbacks for Flash, including scaling
issue, relatively slow operation speed, and high voltage for
program/erase operations [2]. Even though the three-
dimensional crossbar structure may solve the low-density
issue of Flash temporarily [3], the market demands next-
generation NVM that has overall advantages over Flash. In
general, next-generation NVM should exhibit outstanding* Corresponding author. School of Materials Science and Engineering,
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E-mail address: zmsun@buaa.edu.cn (Z. Sun).
Peer review under responsibility of The Chinese Ceramic Society.
http://dx.doi.org/10.1016/j.jmat.2015.07.009
2352-8478/© 2015 The Chinese Ceramic Society. Production and hosting by Elsevi
creativecommons.org/licenses/by-nc-nd/4.0/).properties including high density, excellent scalability, low
power consumption, and low cost. Resistive random access
memory (RRAM) is one of the promising candidates that
fulfill the requirements of next-generation NVM. Additionally,
RRAM has simple metal/insulator/metal sandwich structure
(Fig. 1(a)) [4] and good complementary metal-oxide-
semiconductor (CMOS) compatibility, which are vital for its
practical applications and mass productions. As implied by the
name, RRAM is the memory using the switch of resistance
under electric field to record information, where the high and
low resistance states correspond to the logic 0 and 1, respec-
tively. The key component of the memory is the insulating
resistance switch (RS) layer, as shown in Fig. 1(a), while it
should be pointed out that in some cases the top/bottom
electrodes can also be involved in the RS process. In RRAM,
the transition from high resistance state (HRS) to low resis-
tance state (LRS) is normally called “set”, while the reversed
transition is named “reset”. Two switching modes exist in
RRAM, unipolar and bipolar; for unipolar mode, the switching
is independent on the polarity of the applied voltage, while forer B.V. This is an open access article under the CC BY-NC-ND license (http://
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shown in Fig. 1(b).
The academic and industrial research topics on RRAM
cover quite a wide range: materials problem, RS mechanism,
manufacture, integration, and even other function beyond the
data storage, as reviewed previously [1e15]. In this review
article, we concentrate on the materials science issue including
the material selection and the corresponding RS mechanisms.
To avoid the overlapping with other previous reviews, we
mainly focus on the very latest research results. Also the
promising role of computational materials science in the
design of new RRAM is highlighted here. Correspondingly,
the structure of this paper is organized as follows: first, some
general hints for materials selection for RRAM; second, the
materials that have been investigated for RRAM are summa-
rized; third, the RS mechanisms are shown; finally, the
importance of computational materials science for the devel-
opment of RRAM is discussed.
2. Some hints for materials selection for RRAM
As for a specific material, the high and low resistance state
(logic 0 and 1) should correspond to its two structures that are
different at least in the electronic/atomic or even nano-/micro-
scale. The two structures, denoted as Struc.0 and Struc.1 inFig. 1. (a) Sandwich structure of RRAM devices, top/bottom electrodes are
normally metals, (b) Typical IeV curve of unipolar and bipolar switching
modes.Fig. 2, may have different energy. In essence, the resistance
switch is simply a transition between two structures (or two
phases, in some cases) of the material in the presence of
electric field, while the striking feature for RRAM application
compared to normal phase transition is that the involved two
structures should have distinct resistance contrast. The struc-
tural transition (resistance switch) process is illustrated in
Fig. 2. As an appropriate materials for RRAM, the values of
“D”, “Eset”, “Ereset”, “Ediff” and “R” should be quite small,
which can lead to the high endurance, low power consumption
and high operation speed of the device. However, the too small
“Eset” and “Ereset” may impair the retention of the memory.
Here, we tried to present a clear connection between perfor-
mance of the device and the property of the material, and
make it easier for the material scientists to participate in the
optimization of RRAM. However, it should be noticed that
these parameters are actually correlated and not totally inde-
pendent, for example, a large “Ediff” may mean that “Eset” is
much smaller than “Ereset”. Anyway, Fig. 2 should provide
very general hints to find advanced materials for RRAM, and
these hints may strengthen the potential contribution of
computation materials science as will be discussed later.
3. Materials database
The first experimental observation of RS can be dated back
to more than half a century ago. In 1962, Hickmott [16] found
a large negative resistance in the currentevoltage characteris-
tics of five oxide films including SiOx, Al2O3, Ta2O5, ZrO2 and
TiO2. The urgency to find the replacement of Flash memory
boosts the searching for RS phenomena in other materials,
especially in the past few decades. A large variety of materials
have been found exhibiting the RS behavior, which can be
categorized into binary oxides, ternary and more complexFig. 2. Illustration of the energy profile of the transition between two structures
of the material, as an analogy to the RS process in RRAM. The red column
represents the energy needed can be supplied by the electric pulse. Parameter
“D” means the reproducibility/stability of the transition path, corresponding to
the endurance, uniformity and reliability of RRAM; “Eset” is the overall en-
ergy needed for Struc.0 to Struc.1 transition, corresponding to voltage and
power needed for set process; “Ereset” is the overall energy needed for Struc.1
to Struc.0 transition, corresponding to the voltage and power needed for reset
process; “Eset” and “Ereset” are also related to the retention of RRAM; “Ediff” is
the energy difference of the two states, corresponding to the relative retention
of the devices; “R” (reaction coordinate) is the displacements of any electrons/
ions involved in the RS process, corresponding to the operation time.
287L. Zhu et al. / J Materiomics 1 (2015) 285e295oxides, chalcogenides, nitrides, amorphous-silicon/carbon, and
some organic materials with specific application in flexible
electronic devices. The switching performance of these mate-
rials, such as switching mode, operation speed, endurance, etc,
has been well summarized in previous reviews [1e14].
Among the materials with RS behavior, binary oxides have
been extensively investigated due to its relatively easy fabri-
cation process and satisfying stability. Here, to give a general
clue of the composition of these binary oxides, a periodic table
is shown below in Fig. 3, and the host metallic elements of
these oxides studied as RS materials are highlighted. The
nominal valence state of these metallic elements, the micro-
structures of the oxides (crystalline or amorphous), and
whether the electrodes are directly involved in the RS process
are also indicated in the figure. As can be seen from the figure,
some binary oxides have been studied quite thoroughly, such
as the TaeO systems, while others have not attracted many
attentions yet, leaving more room for future research. It is
worth noting that RS layers can be heterostructures consisting
of more than one oxide, adding more degrees of freedom for
material selection.
4. Resistance switch mechanisms
So far, a few mechanisms have been proposed to explain
the RS phenomena, each of which accounts for the RS
behavior of a series of materials, as can be found from pre-
vious reviews. As mentioned in Section 2, the RS process is
similar to the structure/phase transition in materials science.
The structure/phase transition is normally related to variousFig. 3. Periodic Table with the host metal of RRAM used oxides highlighted. T
(Ref. [17e49]) and references therein.defects, which can be divided into point, linear, or planer
defects according to the length scale. By analogy, we roughly
re-classify those RS mechanisms into a few groups based on
their “scale”: carrier trapping/de-trapping (electronic scale),
migration of point defect (atomic scale), metal-insulator-
transition (apparent change of the atomic structure), thermo-
chemical reaction (apparent change of the microstructure), and
complex mechanism. The changes of the resistance due to
various mechanisms are actually caused by the evolution of
these defected structures triggered by the electric/thermal ef-
fects, a typical structure-property relation in materials science.
In the following part, the definitions of these mechanisms
including some of their combinations will be briefly intro-
duced, and the newly reported materials that fall into respec-
tive categories will be mentioned.4.1. Carrier trapping/de-trappingThe charge carrier can be trapped by the defects inside the
insulator layer or by the electrode/insulator interface, which
will build an internal electric filed and impact the injection or
transport of the carrier that eventually leads to the RS
behavior.
Space-charge-limited conduction (SCLC) takes place when
the charge is trapped by the point defects such as the vacancies
inside the insulator layer. This effect brings the bipolar
switching where the trapping and de-trapping corresponds to
applied voltage with opposite polarity.
When a Schottky barrier is formed on the electrode/insu-
lator interface, carries can be trapped, which in turn change thehe details of these RRAM devices can be found in recently published work
288 L. Zhu et al. / J Materiomics 1 (2015) 285e295height of barrier and affect the transport of the charges. The
external voltage applied can modulate the Schottky barrier
height and results in the RS behavior.
Generally, switching process occurs at the electronic scale
should be faster, indicating a shorter write time, and consid-
ering the parameters in Fig. 2, the value of “R” should be very
small. However, good retention can not be assured meanwhile,
as shown in the voltage-time dilemma by Schroeder et al. [50].4.2. Migration of point defectsIn fact, migration of point defects can be involved in
various mechanisms, including those in the following two
sections, while the difference here is the migration of defects
playing a dominant role. For the oxides, the formation and
migration of anions/cations inevitably cause the valence-state
change of the cations/anions. Regarding this, point-defects
migration based RRAM are also called valence change
memory (VCM). Normally, RRAM with this mechanism has a
bipolar feature as a result of the huge effects of external
electric field on the migration of charged defects.
To obtain a big change of the resistance, massive point
defects should be formed or clustered, and their clustering
usually generates a conduction path called filament. Fila-
mentary conduction mechanism has been confirmed in many
RRAM. Very recently, Shang et al. [51] reported a transparent
RRAM based on all-oxide heterostructure indium-tin oxide/
hafnium oxide/indium-tin oxide (ITO/HfOx/ITO), showing
asymmetric bipolar RS behavior. The mechanism is found to
be the electric field induced migration of oxygen anions and
the simultaneous formation of Hf-rich filament. This trans-
parent RRAM is initial electroforming free, since the HfOx
layer was fabricated at the oxygen poor condition with an O2/
Ar ratio of 1:5, leaving numerous oxygen vacancies inside the
oxides at the first stage. The experimental clue of the proposed
RS mechanism is shown in Fig. 4. Here one ITO electrode isFig. 4. IRS and LRS distribution of the oxygen content in the Pt electrode layer
of the Pt/HfOx/ITO structure. Position of Pt/HfOx interface is near the thick-
ness of 25 nm. The inset is a schematic illustration of the migration of oxygen
anions towards the metal electrode. Reprinted with permission from Ref. [51].
Copyright 2013 WILEY-VCH.replaced by inert metal Pt to avoid bringing extra atoms from
ITO into the film upon argon etching treatments. As this
RRAM is forming-free, the initial resistance state (IRS) is the
similar as the high resistance state (HRS) normally referred to.
As shown in Fig. 4, during the switch from IRS to LRS the
change of oxygen content is significant, suggesting its domi-
nation on the RS behavior, while the change of the Hf-ions
content is less apparent [51].
TiO2 has been extensively explored as the RS material,
depending on its microstructure (polycrystalline or amor-
phous), different mechanisms have been reported, including
the redox interaction mechanism shown in Section 4.4. Lately,
Hu et al. [52] fabricated a RRAM based on the single-
crystalline anatase TiO2, with the RS mechanism proposed
to be the filament type. Fig. 5 illustrates that the diffusion of
oxygen vacancy accounts for the resistance switch. However,
it is noteworthy that even the diffusion of oxygen vacancy
takes control, the authors did not rule out the contribution of
the local phase transformation to Magneli phase as is dis-
cussed in Section 4.4.4.3. Metal-insulator-transition (MIT)Materials with MIT behavior is naturally a promising RS
material, given the distinct conductivity change after the
transition. The work left is to figure out whether this MIT is
easily controllable. Dioxide of group VB elements VO2 [53]
and NbO2 [54] exhibit MIT, as well as Ca2RuO4 [55]. Fig. 6
shows one phase diagram of VO2. VO2 can exist in three
different structures depending on the temperature and strain,
including two insulating (M1 and M2) and one metallic rutile
(R) phases, and triple point in the phase diagram was
measured and confirmed by Park et al. [56], as shown in Fig. 6.
It can be seen that phase transition can be realized by
increasing/decreasing the environmental temperature and/or
applied strain. MIT can also be driven by electric field induced
Joule heating effect. However, regarding the quite lower
temperature for the MIT, long time stability of different phases
is doubtful, i.e., MIT of VO2 can hardly reach the requirements
of non-volatility. Also it has been proved that in the presence
of external electric field, the formation of oxygen vacancy can
suppress the MIT of VO2 [57], which may further hinder its
application.
So far, there is no experimental report about the MIT in
TaO2, although its counterparts in group VB (VO2 and NbO2)
were reported. Recently, using evolution algorithm in combi-
nation with first-principles calculation, we found an insulating
structure of TaO2, and the MIT was theoretically predicted.
The detail is introduced in Section 5.1.
The MIT mentioned above is a typical first-order phase
transition, i.e., the microstructure of the phase or at least the
atomic structure will be changed. There is also MIT belongs to
the electronic scale process, such as a family of compounds
AM4X8 Mott insulator (A ¼ Ga, Ge; M ¼ V, Nb; X ¼ S, Se)
[58]. These compounds exhibit a very small band gap of
0.2 ± 0.1 eV, indicating the high sensitivity to external
perturbation, such as the pressure and electric field. Dobust
Fig. 5. Illustration of the proposed RS mechanism based on the IeV characteristics. In each part of the illustration, voltage is applied to the top contact after the
depicted oxygen vacancy configuration is achieved within the TiO2 matrix, and the arrows denote moving direction of oxygen vacancies upon application of
voltage to the top contact. Oxygen vacancy configuration (a) in the pristine state, (b) during the SET process, (c) in the ON state, and (d) in the OFF state. Reprinted
with permission from Ref. [52]. Copyright 2014 American Chemical Society.
Fig. 6. Phase diagram of VO2. a, The transition temperature Tc at zero stress is measured by finding the temperature above which the metallic phase (darker)
becomes stable in a cantilever. It is found to be equal to the triple point temperature: Tc ¼ Ttr ¼ 65.0 ± 0.1 C. b, Deduced stressetemperature phase diagram. The
small black filled circles are for the superheated M1 phase. The grey shaded strip is where a metastable T phase (intermediate between M1 and M2) can occur. c,
The results imply that the free energies of all the phases are degenerate at Tc in unstrained pure VO2. Reprinted with permission from Ref. [56]. Copyright 2013
Macmillan Publishers Limited.
289L. Zhu et al. / J Materiomics 1 (2015) 285e295et al. [59] ascribed the transition to the appearance of metallic
and super-insulating nano-domains and strong electron-lattice
coupling by means of scanning tunneling microscopy/spec-
troscopy (STM/STS). They also found that the MIT can even
be triggered by the electric field of a STM tip.4.4. Thermochemical reactionElectric field can cause Joule heating, which may provide
the temperature condition required by any possible chemical
reaction in the RRAM device. The RS caused by this mech-
anism is normally unipolar, due to the fact that generation of
heat is independent on the polarity of the electric field. Since
the oxides formed by one single metallic element are abun-
dant, as indicated by the Ellingham diagram, the differentelectronic property of these oxides may induce the RS phe-
nomena. Again, taking RRAM based on TiO2 as the example,
the conducting TinO2n1(n ¼ 3e5 for rutile and 5e7 for
anatase) Magneli phase can be formed [60] after the thermo-
chemical reaction, with contrast resistance compared to insu-
lation rutile TiO2. In practice, this chemical reaction does not
take place in the whole device; instead, a filament-type
conductive product is enough to short-circuit the device.
Many oxide based RRAM have this mechanism for RS, such
as NiO, CoO, Nb2O5, etc, as summarized in Ref. [12].4.5. Complex mechanismThe complexity of RS mechanism not only comes from its
variety but also from the correlation between different
Fig. 7. Possible conduction mechanism for three different LRS. Reprinted with
permission from Ref. [63]. Copyright 2014 AIP Publishing LLC.
290 L. Zhu et al. / J Materiomics 1 (2015) 285e295mechanisms [61,62]. Zhang et al. [63] reported the coexis-
tence of metallic and hopping conduction at the low resistance
state (LRS) of Ta2O5-x/TaOy based RRAM, and three types of
conduction behaviors were found by temperature-dependent
measurements ranging from 5 K to 250 K. The LRS was
divided into three stages, denoted by LRS1, LRS2 and LRS3,
respectively, as shown in Fig. 7. At LRS1 (very low resis-
tance), metallic conduction is dominated due to the formation
of metallic filament, while at LRS3 electrons hopping betweenFig. 8. Tetragonal Hf2O3 and Zr2O3. (a) Primitive cell with 5 atoms, (b) view along
simulated powder x-ray diffraction patterns of Hf2O3. Big green balls, Hf or Zr; s
American Physical Society.localized states has more contribution and LRS2 is the tran-
sition process. When temperature goes down, the metallic
conduction transfers to the electrons hopping which was
observed clearly at temperature below 20 K, with the phe-
nomenon that a positive temperature dependence of resistance
transfers to a negative one.
5. Future prospects: opportunity of computational
materials science
As shown above, the complexity and variety of the RS
mechanism bring many challenges for the design of advanced
RRAM. With the rapid development of computer technology
and computation algorithms, computational materials science
has been placed at a very important position for the design of
new materials. As the materials used in RRAM devices come
to the nano-scale and even single-crystalline stage, accurate
and solid calculations based on first-principles method and (ab
initio) molecular dynamics will become powerful tools for the
design of RRAM devices. In the following sections, we will
show some latest results in this scope.5.1. Prediction of new materialsIn this section, the “new” materials represent the materials
with stoichimetry and/or symmetry that are different from thea axis (upper) and c axis (lower), (c) Fermi surface of Hf2O3 at T ¼ 0 K, (d)
mall red balls, O. Reprinted with permission from Ref. [64]. Copyright 2013
Fig. 9. (a) Left: Unit cell of triclinic TaO2. Right: 1  1  2 supercell of rutile
TaO2. Blue and red balls represent Ta and O, respectively, and the two (super)
structures shown here have the same number of atoms. Ta atoms showing the
most significant displacements in the two structures are labeled as Ta1 and
Ta2. (b) Transition path from ReTaO2 to TeTaO2, the energy difference be-
tween various states is labeled in the unit of eV/atom. Structure of the meta-
stable intermediate state as denoted by the solid arrow is also shown.
Reprinted with permission from Ref. [65]. Copyright 2015 AIP Publishing
LLC.
291L. Zhu et al. / J Materiomics 1 (2015) 285e295established database. TinO2n1 Magneli phase was found
responsible for the LRS of TiO2 based RRAM. It is very likely
that similar oxygen-deficient phases exist in RRAM based on
some other transition metal oxide, even there are not many
experimental results reported yet. Xue et al. [64] predicted aFig. 10. Variation of O vacancy formation energy with local mO for HfO2 and
Ta2O5 as examples. The scavenging metal (shown) can be used to set mO and
thus control the VO formation energy and VO concentration independently of
the host oxide. This allows independent optimization of some device perfor-
mance parameters. Reprinted with permission from Ref. [71]. Copyright 2014
AIP Publishing LLC.semimetallic tetragonal Hf2O3 and Zr2O3 by using the first-
principles calculations. The new structures of the oxides are
shown in Fig. 8, together with the simulated XRD pattern that
might be helpful for further experimental confirmation. The
overlap of the partially filled valence band top and conduction
band bottom at the different high symmetry points in the
Brillouin zone was found by G0W0 calculations with the
many-body correction to the GGA energy levels, indicating
the semimetallic feature of these oxides. The oxides have an
estimated carrier concentration of 1.8  1021 cm3 for both
electrons and holes, and this electric conduction may explain
the LRS of RRAM based on hafnia and zirconia.
Recently, we did a thorough structure searching using
evolution algorithm, and found a stable triclinic phase of TaO2
which is more stable than its rutile counterpart [65]. Based on
the electronic structure calculations, TaO2 was demonstrated
to have the MIT behavior induced by the Peierls distortion.
The atomic structure of the rutile phase (ReTaO2, metallic
phase) and the predicted triclinic phase (T-TaO2, insulator) are
shown in Fig. 9(a). The transition path between these two
phases was figured out based on the calculation using transi-
tion state theory (Fig. 9(b)), and the energy barrier for the
reversible transition is 0.19 eV/atom and 0.23 eV/atom,
respectively, suggesting lower power consumption for the RS.
Interestingly, the MIT should be driven by the electric field,
since the transition is triggered by the directional displace-
ments of only two Ta ions (12 atoms in total in the unit cell),
which makes it a promising bipolar-RRAM material.
In fact, structure prediction based on the first-principles
calculation in combination with approaches such as evolu-
tion algorithm is a very mature technique in computational
materials science. Very fruitful works have been reported
using the structure-prediction codes such as USPEX [66,67],
CALYPSO [68,69] and AIRSS [70] in the past decade. These
techniques should be very helpful to figure out any possible
and undiscovered (meta-) stable phases generated during the
RS process, which can give more insights into the RS
behavior.5.2. Material screening by first-principles calculationSince the behavior of the point defects in the RS material
has substantial effects on the performance of RRAM, the time-
saving theoretical calculations on this topic should give
valuable information to the device designer when they select
the RS materials needed.
Guo et al. [71] investigated the energy of the RS process for
typical oxides, including the formation energy and diffusion
barrier of oxygen vacancy (Vo). Fig. 10 shows the formation
energy of oxygen vacancy as the function of oxygen chemical
potential (mO) in HfO2 and Ta2O5. The idea here is using a
scavenging layer located between the electrode and oxides to
change the formation energy of oxygen vacancy via tuning the
oxygen chemical potential. The scavenging layer can be made
of metals as listed in Fig. 10. This result is meaningful when
one wants more/less oxygen vacancy generated to optimize the
performance of RRAM.
Fig. 11. The diffusion barrier curves of V2þo in (a) Y-doped, (b) V-doped, (c) Nb-doped and (d) Ta-doped SZO systems. Here only the diffusion profiles on the most
probable path are shown. The insets are the atomic structures of the doped SZO. Reproduced by permission of the Royal Society of Chemistry from Ref. [74].
Fig. 12. Atomic mechanisms of filament formation and dissolution. aeh, Snapshots zooming in at the filament during the forming/reset/set phases. The yellow
spheres follow the constituent atoms of the first filament established during the forming phase (d). In all snapshots, color represents atomic charges, ranging from
red (0.3e) to blue (þ0.3e), and amorphous SiO2 has been hidden for clarity. Reprinted with permission from Ref. [75]. Copyright 2015 Macmillan Publishers
Limited.
292 L. Zhu et al. / J Materiomics 1 (2015) 285e295Ternary oxide SrZrO3 (SZO) has been used as RS material,
and the conductive filament was believed to be formed by
oxygen vacancies [72]. Previously, our first-principles calcu-
lations [73] provided a solid proof for the important role of
oxygen vacancy. We found that formation of oxygen vacancy
row results in the defect assisted conduction channel, corre-
sponding to the LRS of RRAM, while the disruption of this
ordered vacancy row breaks the conduction channel resulting
in the HRS. Doping is an effective method to optimize the
properties of the RS material and the performance of RRAM.
Lately, we did a systemic investigation on doping effects onthe diffusion of oxygen vacancy in the matrix SZO [74]. The
diffusion barrier of oxygen vacancy with change state of 2þ in
doped SZO can be found in Fig. 11. For pristine SZO, the
energy curve is parabolic with a barrier of 0.65 eV. It can be
seen from Fig. 11 that doping has quite apparent effects on the
diffusion of oxygen vacancy in terms of the diffusion-curve
shape and energy barrier. Among various elements the im-
pacts of Y and V are more significant. We also found that the
influence of the dopant is related to its valence electron
number and atomic radius, providing some general guidelines
for designing related RRAM.
293L. Zhu et al. / J Materiomics 1 (2015) 285e2955.3. Simulation of the working deviceIn Sections 5.1 and 5.2, we showed the information that can
be provided using first-principles calculations, a parameter-
free and extremely accurate method. However, this informa-
tion is sort of “stationary”, while obviously the RS process is
dynamic. For advanced nanoscale RRAM devices with ultra-
fast RS speed, molecular dynamics might be a feasible tool to
simulate the RS process considering the length and time scale
of this method. Encouragingly, Onofrio et al. [75] reported the
first atomic simulation of filament formation/rupture process
using reactive molecular dynamics with a charge equilibrium
method extended to describe electrochemical reactions in Cu/
amorphous-silica based RRAM. The detailed RS process at
the atomic scale can be seen in Fig. 12, in which the active Cu
electrode plays a critical role in the filament formation. They
found that single-atom-chain filaments can be formed in the
RS process while they are metastable with lifetime less than a
nanosecond, and formation of small metallic clusters due to
the aggregation of ions is necessary for the occurrence of
stable filament.
As claimed by the authors, simulation at this scale can
basically capture all the possible process taking place in the
operation of RRAM, such as electrochemical dissolution, ionic
diffusion, nucleation and growth, all of which are significant
for the optimization and design of RRAM devices.
In fact, the critical status of computational materials sci-
ence in the design of NVM has already been demonstrated in
the research of PCRAM (phase-change RAM), and other
functional materials with electric-field induced phenomena,
such as magnetoelectric heterostructures [76]. Both Ab initio
[77e80] and Ab initio molecular dynamics simulations
[81e83] generated very meaningful information for the design
and understanding of PCRAM. There should be no doubt of its
power here, in the design of RRAM.
6. Conclusion
In summary, the latest work on RRAM investigation
especially in the field of materials science is reviewed. The
materials with the RS behavior and the underlying mecha-
nisms are briefly summarized. Compared to previous reviews,
we emphasize the important role of computational materials
science in the design of RRAM, which should have been
proved in recent interesting work. It can be seen that the
fundamental theories in materials science is very valuable for
the design of RRAM and more material scientists should get
involved into the research of this promising next-generation
NVM.
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